1,2 . This concept not only solves the long-standing puzzle of how to calculate dipole moments in crystals, but also explains topological band structures in insulators and superconductors, including the quantum anomalous Hall insulator 3,4 and the quantum spin Hall insulator 5-7 , as well as quantized adiabatic pumping processes 8-10 . A recent theoretical study has extended the Berry phase framework to also account for higher electric multipole moments 11 , revealing the existence of higher-order topological phases that have not previously been observed. Here we demonstrate experimentally a member of this predicted class of materials-a quantized quadrupole topological insulator-produced using a gigahertz-frequency reconfigurable microwave circuit. We confirm the non-trivial topological phase using spectroscopic measurements and by identifying corner states that result from the bulk topology. In addition, we test the critical prediction that these corner states are protected by the topology of the bulk, and are not due to surface artefacts, by deforming the edges of the crystal lattice from the topological to the trivial regime. Our results provide conclusive evidence of a unique form of robustness against disorder and deformation, which is characteristic of higherorder topological insulators.
| Quadrupole topological insulator. a, Two-dimensional bulk quadrupole topological insulator (blue square) with edge-localized topological dipoles (orange arrows) and corner-localized charges of ± e/2 (red and blue dots). b, Tight-binding representation of a quadrupole topological insulator with four sites per unit cell. Red lines denote coupling between unit cells (coupling rate, λ) and black lines represent couplings within unit cells (γ). Dashed lines indicate a − 1 phase factor on the coupling, a gauge choice for the creation of a synthetic magnetic flux of π per plaquette. The insulator is in the quadrupole topological phase for λ > γ and in the trivial phase for λ < γ. c, Theoretically calculated density of states for the quantized quadrupole insulator (5 × 5 unit cells) shown in b with fully open boundaries. The lower and upper bands (blue) have eigenstates delocalized in the bulk, whereas the states in the middle of the gap (green) are confined to the corners, as shown in d. The energy is expressed in units of λ. d, Theoretically calculated probability density functions (green circles; the areas of the circles correspond to the probability) of the four in-gap modes during reconfiguration of the lowest-edge unit cells from λ e /γ e = 4.5 (left) to λ e /γ e = 1 (centre) and to λ e /γ e = 1/4.5 (right). Throughout the deformation, only γ e changes, while λ e = λ = 1 and γ = 1/4.5. Experimental test results of this deformation are shown in Fig. 4 .
Letter reSeArCH
non-trivial topology of the bulk, we focus on the latter, as these modes can provide direct spectroscopic evidence of the existence of the non-trivial quadrupole topological phase. Specifically, we experimentally demonstrate the existence of mid-gap modes that are localized at the corners of the lattice (Fig. 1d, left) . Furthermore, we provide evidence that these corner modes are not due to surface effects, but are required by the topological bulk phase. We accomplish this by deforming one of the edges of the lattice from the topological to the trivial regime, and we observe that the mid-gap corner modes are not destroyed; instead, they recede into the sample, towards the corners on the newly generated boundaries of the quadrupole topological phase (Fig. 1d ).
The microwave quadrupole topological insulator studied here consists of a square lattice of unit cells, in which each unit cell is composed of four identical resonators (Fig. 1b ). The coupling rates γ and λ describe coupling between resonators within the same unit cell and between adjacent unit cells, respectively. Each plaquette, a square of any four adjacent resonators within or between unit cells, contains a single coupling term that carries an extra phase shift of π (dashed lines in Fig. 1b ), which amounts to the generation of a synthetic magnetic π flux threading the plaquette (equivalent to half the magnetic flux quantum, ½Φ 0 = h/(2e), where h is the Planck constant). The existence of this non-zero flux opens both the bulk and the edge spectral gaps, which are necessary to maintain the corner-localized mid-gap modes.
The resonators in our experimental array are H-shaped microstrip transmission lines that have a fundamental resonance at f 0 = 2.08 GHz, a typical linewidth of about 15 MHz and the spatial voltage distribution shown in Fig. 2a (bottom) . At the centre of the cross-piece lies a voltage node and the end-points of the resonator are a quarter-wavelength away from the centre-they are therefore anti-nodes. Adjacent tips are separated by a half-wavelength and thus differ in phase by π . The resonators are designed so that anti-nodal points with opposite phases are physically close to each other, which facilitates the coupling of adjacent resonators with either no extra phase shift or an additional phase shift of π (negative coupling). To produce the quadrupole topology, in each plaquette we arrange three couplings as positive and one coupling as negative, as shown in Fig. 2a .
We experimentally confirm that a π flux threads each plaquette by examining the limiting cases of λ → 0 and γ → 0. This experimental verification is necessary to ensure that the spectral features that we measure are due to the bulk quadrupole topology, because corner modes-even topologically protected ones-are not unique to the quadrupole topological insulator 21, 28, 29 . In the λ → 0 limit, the array consists of isolated unit-cell plaquettes, as shown in Fig. 2a . The behaviour of the array can be predicted theoretically by a direct diagonalization of the four-site Hamiltonian, a tight-binding representation of which is shown by the grey unit cell in Fig. 2a . For a coupling rate of γ between all resonators and a π flux threading the plaquette, the presented as phasor diagrams: the circle diameter corresponds to the magnitude of the resonator excitation, the line corresponds to the phase (0 is on the right and increases anticlockwise). When driving R4, R1 is in-phase, confirming the negative coupling between R1 and R4. c, A 2 × 2 test array of unit cells with γ → 0. Negative coupling is set between R2 and R3, as illustrated in the schematic on the right. λ ≈ 150 MHz. d, The eigenmodes of a plaquette formed by the four central resonators of a 2 × 2 array are similar to those of the unit cell because of the π flux. When driving R3, resonator R2 is in phase, confirming the negative coupling between these resonators. Here, the resonator frequencies are shifted to about 1.4 GHz owing to the greater capacitive loading than in the case of b.
eigenfrequencies are γ ± 2 , each of which is two-fold degenerate (see Methods). Because the non-trivial topology of the full array is clearly manifest in either the upper or the lower band (see Fig. 3b ), we choose to characterize only the lower band, at γ − 2 . The measured power absorptance spectrum (the ratio of absorbed power to incident power) of an isolated unit cell is shown in Fig. 2b ; see Methods for details on the measurement technique. As predicted by the Hamiltonian diagonalization, we find two pairs of nearly degenerate modes, separated by 88 MHz (measured on resonator R3) and 114 MHz (measured on R4). The discrepancy in mode frequency is due to asymmetric capacitive loading, which was present throughout our experiments (see Methods). The spatial distribution of the lower pair of modes is measured through the voltage amplitude and phase response at each resonator in the plaquette when either R3 or R4 is stimulated (see Methods). We find good agreement between the magnitudes and phases of the theoretical and measured modes ( Fig. 2b) : their normalized overlap integrals, calculated as an inner product of these modes, are about 0.98 and 0.97 when measured on R3 and R4, respectively. Characteristic mode shapes appear owing to destructive interference (caused by the π flux) between counter-circulating paths around the plaquette. Specifically, when R4 is excited, the mode vanishes for the diagonal resonator R3 (and vice versa). In Methods, we discuss the clear contrast of this situation with the modes predicted for plaquettes with zero flux, although the two cases can exhibit spectral similarities.
In the γ → 0 limit, the array consists of isolated inter-unit-cell plaquettes ( Fig. 2c , highlighted region). These plaquettes are nearly identical to the isolated unit cell, but the negative coupling is placed between R2 and R3 and the coupling rate λ is larger. We experimentally verify that the eigenmodes of this inter-unit-cell plaquette also have the features expected for a π flux by performing similar measurements to the single-unit-cell case (Fig. 2d ). For this measurement, the capacitors that originally coupled the resonators within the unit cells are removed to ensure that γ = 0. Although the modes are again not perfectly degenerate, we find good agreement between the theoretical and measured mode shapes: their normalized overlap integrals are about 0.96 and 0.99 when measured on R3 and R4, respectively. The frequency separations of 450 MHz (measured on R3) and 408 MHz (measured on R4) between the two pairs of modes is on average about 4.3 times larger than in the isolated unit cell, revealing that the average ratio of the coupling rates is λ/γ ≈ 4.3.
After the experimental verification of the plaquette building blocks, we construct a quadrupole topological insulator using a 5 × 5 array of unit cells ( Fig. 3a) with coupling ratio λ/γ ≈ 4.3 and the topology shown in Fig. 1b . The power absorptance spectrum of each resonator in the full array is measured in the same way as in the isolated plaquettes. The average absorptance across the entire array is presented in Fig. 3b . Three spectral bands are identifiable: broad lower and upper bands (blue) separated by a bandgap, and a narrow band of modes near the centre of the bandgap (green). The spatial distributions of these three bands, obtained by summing over each band, are shown in Fig. 3c -e. We find that, as predicted in ref. 11, modes in the lower and upper bands are predominantly localized on the bulk and edge resonators. The modes in the centre of the bandgap, which are associated with corner charges in the case of an electrical insulator, are highly localized on the corner resonators only. Despite the finite size of the array, the ratio of the coupling rates (λ/γ) is large enough that these corner modes decay rapidly and do not overlap with each other. In Fig. 3f , we show spectra measured within the bulk bandgap of the individual corner resonators, which reveal that each corner supports only a single mid-gap mode. 
As a consequence of the disorder in the array, which breaks the chiral and reflection symmetries, the measured spectrum is asymmetric with respect to its mid-gap point. Two main sources of disorder exist (see Methods for details): (i) systematic asymmetry in the coupling rates between resonators within the array, which arises from the physical implementation of negative coupling, and (ii) random manufacturing variations in the capacitance of the discrete coupling capacitors. The main spectroscopic effect of the asymmetric coupling rates is a splitting of the lower band, which manifests in isolated plaquettes as a lifting of the degeneracy of the lower pair of modes (Fig. 2) . Despite the disorder and asymmetries, we find that the robust spectral features of the quadrupole topological insulator remain; for example, the spectral bands are gapped, with only four resonances close to the mid-gap position. Furthermore, we have verified that these four mid-gap modes are tightly confined to the corners (Fig. 3e) .
To demonstrate that the corner-localized modes are not the result of local effects particular to the physical edges of the array, we tune the unit cells in the lowest row of the array from the topological regime (γ < λ) to the trivial regime (γ > λ). In this experiment, the entire array is initially in the original topological phase (λ/γ ≈ 4.3), as shown in Fig. 3 . For this configuration, we plot the average absorptance spectra of the bottom two rows of unit cells separately (Fig. 4a) . The spectra reveal that both rows are gapped, but the bottom row supports the mid-gap modes, which are localized at the corners of the array (Fig. 4b ).
Next, we adjust the edge coupling rates in the bottom row of unit cells to be equal, that is, λ e /γ e = 1. This is achieved by changing the coupling capacitors within the network. This modification narrows the bandgap of the bottom two rows (Fig. 4c) , and the two lower corner modes delocalize from the original corners into the surrounding unit cells (Fig. 4d ). Owing to the finite size of the experimental array, the corner modes couple to each other at this point and their degeneracy is lifted. Finally, we make the bottom-edge unit cells trivial by setting λ e /γ e ≈ 1/4.3, broadening the bandgap to its original width (Fig. 4e ). Although the bottom edge of the array is now in the trivial regime, the corner modes are not destroyed, but recede to the new topological phase boundary. This experimental observation confirms that the corner modes are not a surface artefact, but are a manifestation of the bulk quadrupole topological phase. By contrast, if the corner modes were generated from local defects at the corners, or even if they arose as the end-states of edge-localized, one-dimensional topological dipole insulators, then the mid-gap modes would disappear during the edge deformation.
This work provides experimental evidence of a new family of topological phases of matter. Our metamaterial implementation of a quadrupole topological insulator confirms the existence of the theoretically predicted corner modes 11 and firmly establishes their origin from the Letter reSeArCH bulk quadrupole topology. This reconfigurable microwave platform can also readily support spatiotemporal modulation of both the resonance frequency and the coupling rates, enabling future experiments on dynamic topological phenomena, including pumping processes, quenches and chiral hinge modes 21 . In addition to the implementation described here, topological insulators with multipole moments could also be realized in photonic crystals, optical lattices of cold atoms 11 or crystalline materials 30 , and parallel efforts have recently realized quadrupole topological insulators in electric and mechanical metamaterials 31, 32 . The stage is set for rapid advances in topological physics at both the fundamental and device levels.
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MethOds Spectrum and eigenmode measurements. We measure the power absorptance spectrum at each resonator in the tested networks by means of one-port reflection (S 11 ) measurements using a microwave network analyser (Keysight E5063A). The reflection probe is composed of a 50 Ω coaxial cable terminated in a 0.1 pF capacitor, which is connected to each resonator at an anti-node. Owing to the low probe capacitance, the measured linewidths are dominated by the intrinsic losses of each resonator.
The absorptance of each resonator is calculated as A = 1 − | S 11 | 2 . We also define the average absorptance for an array of N resonators as = ∑ A A N n N n avg 1
, where A n is the absorptance of the nth resonator. The average background absorptance contribution from the network analyser probe is evaluated far from any modes and removed during the measurements of A n .
The eigenmodes of the unit cell and 2 × 2 array (Fig. 2) are also measured with a microwave network analyser by means of two-port transmission (S 21 ) measurements. The measurements are performed using a pair of probes with the specifications described above, with one probe providing the stimulus and the other measuring the response. Thus, the S 21 transfer function at the resonance frequency represents a direct measurement of the amplitude and phase response of the corresponding eigenmode. Design of the quadrupole topological insulator lattice. Each unit cell is fabricated individually on a Rogers RT/duroid 5880 substrate, with 35-μ m-thick copper coating on each side. An approximate transmission line representation of our resonator is shown in Extended Data Fig. 1a . The resonator is H-shaped, with sections of approximately the same length (1.5 cm), width (0.1 cm) and characteristic impedance (about 110 Ω ). This resonator design leads to an unloaded resonance frequency of 2.1 GHz in the transmission line model (the measured resonance frequency of a fabricated resonator is 2.08 GHz). Although there are losses in both the dielectric substrate and the copper conductor, as well as negligible radiative losses, these are small and do not affect the underlying topology.
To create a unit cell, four microstrip resonators are capacitively coupled as shown in Extended Data Fig. 1b . Each coupling is created using two 0.2 pF capacitors in series, resulting in a total coupling capacitance of 0.1 pF (related to the coupling parameter γ) between resonators within the unit cell. Negative coupling is realized by connecting R1 to the opposite-phase anti-node, R4.
The connections between unit cells are detailed in Extended Data Fig. 1c . Each capacitive coupling is formed using two 2 pF capacitors in series, resulting in a total inter-cell coupling capacitance (related to the coupling parameter λ) of 1 pF. The average coupling rates γ and λ are extracted from the measured data in the limits λ → 0 and γ → 0, respectively (Fig. 2) . We find that the ratio of the frequency separations between the degenerate mode pairs in these isolated intra-unit-cell and inter-unit-cell cases is on average approximately 4.3, which implies a coupling rate ratio of λ/γ ≈ 4.3. Comparison of unit cells threaded with different fluxes. A unit cell of our quadrupole topological insulator is a square composed of four resonators threaded with π flux, as illustrated in Fig. 2a . In Fig. 2b , we show the measured eigenmodes of a single unit cell, which match well with the theoretically predicted modes. Here we discuss all four eigenmodes of this system and establish its differences from unit cells threaded with 0 flux. We find that without flux the modes differ substantially in their spatial distributions but their energy spectra can be similar if C 4 symmetry is broken.
The calculated energy spectrum and eigenmodes of a unit cell with π flux and equal coupling rates γ are shown in Extended Data Fig. 2a, along where the elements of each vector are expressed relative to the complex amplitudes of the resonators R1, R2, R3 and R4. u 1 and u 2 represent the degenerate pair of lower-energy modes, and u 3 and u 4 describe the degenerate pair of higher-energy modes. In Fig. 2b we show the measurement results for modes u 1 and u 2 . Owing to the destructive interference arising from the π flux within the plaquette, when one resonator is excited (here R3 or R4), the resonator in the opposite corner is not excited. This property leads to the characteristic modes of the unit cell. We also find that the location of the negative coupling affects the relative phase between the resonators, leading to the opposite relative phase between resonators with and without negative coupling. We compare the above case with that of an identical unit cell with 0 flux, shown in Extended Data Fig. 2b and described In this unit cell, only modes v 2 and v 3 are degenerate, whereas v 1 has lower energy and v 4 has higher energy than v 2 and v 3 . Because there is 0 flux threading the unit cell, when one resonator is excited, the resonator in the opposite corner is always excited as well.
Although a unit cell with 0 flux and identical horizontal and vertical coupling rates (γ x = γ y ) is not gapped, a bandgap can be opened by setting γ x > γ y (that is, by breaking C 4 symmetry). The energy spectrum and eigenmodes calculated for this case are shown in Extended Data Fig. 2c, along Letter reSeArCH 1.4 GHz (compared with 2.1 GHz for the unloaded resonator). In Extended Data Fig. 3b , we examine the case where the same 2 pF capacitance is distributed to the two arms of the resonator, as is the case for the intra-unit-cell coupling of resonator R4 and for the inter-unit-cell coupling of resonator R3. Here, the resonance frequency shifts to 1.3 GHz; that is, it is lower than when both resonators are on the same arm. Although the total capacitance on each resonator is the same, these representative cases illustrate that the spatial distribution of capacitors affects the degree of capacitive loading on the resonator. Thus, systematic disorder in the capacitive loading of each resonator, which affects the coupling rate between resonators and their resonance frequencies, arises throughout our array.
In addition, the system exhibits random disorder due to variations in the manufacturing of its discrete components. Specifically, the 0.2 pF capacitors have a tolerance of ± 0.05 pF and the 2 pF capacitors have a tolerance of ± 0.1 pF. Despite this difference, the ratio λ/γ remains much larger than 1 throughout the array, so the bandgap remains open and the system remains firmly in the topological phase. A final source of disorder in the spectrum is the increase in the capacitive coupling rate with increasing frequency. Because of this effect, the lower bulk band is broader in frequency than the upper band. Data availability. The data that support the findings of this study are available from the corresponding author on reasonable request.
